Alkylation of T7 bacteriophage considerably delayed phage development and reduced the phage's killing action on host cells. Only a small fraction of infected cells produced phage. For these phages, the latent period was markedly prolonged but the burst was equivalent to or only slightly lower than that of untreated phage. In (11) have shown that, after alkylation by methyl methane sulfonate or ethyl methane sulfonate, T7 phage injects only a part of its DNA into the bacterial cell. Since T7 phage injects its DNA in a unique direction, starting from the genetic left end (9, 10, 16), this leads to the preferential presence of early, as opposed to late, genes within the infected cell (10). In addition, the expression of those genes located towards the left end of the phage genome is enhanced by DNA replication (9).
Alkylation of T7 bacteriophage considerably delayed phage development and reduced the phage's killing action on host cells. Only a small fraction of infected cells produced phage. For these phages, the latent period was markedly prolonged but the burst was equivalent to or only slightly lower than that of untreated phage. In the progeny of alkylated phage, there was an increase in the fraction of defective particles as well as a change in their morphology. These data show that infection with alkylated T7 bacteriophage is to a large degree abortive; hence, biological consequences of this infection are very different from those characteristic of a nornal virus infection. T7 bacteriophage is inactivated by monofunctional alkylating agents (14, 28) . While the nature of the chemical lesions introduced into T7 phage DNA by these agents is well documented (29) , the exact biological mechanism of phage inactivation by these agents is far from clear. One known consequence of phage alkylation is defective DNA injection. Karska-Wysocki et al. (11) have shown that, after alkylation by methyl methane sulfonate or ethyl methane sulfonate, T7 phage injects only a part of its DNA into the bacterial cell. Since T7 phage injects its DNA in a unique direction, starting from the genetic left end (9, 10, 16) , this leads to the preferential presence of early, as opposed to late, genes within the infected cell (10) . In addition, the expression of those genes located towards the left end of the phage genome is enhanced by DNA replication (9) .
We have analyzed the growth cycle of alkylated T7 phage to detect changes in the infective process which occur when the phage DNA contains chemical lesions. We have also examined progeny phage to determine whether their intracellular development and final mature form are equivalent to those observed for untreated phage. These studies are a necessary prerequisite for detailed analysis, at the molecular level, of changes in the various steps in phage replication caused by alkylation of phage.
MATERIALS AND METHODS
Strains. Wild-type Escherichia coli B came from the collection of P. Fredericq; wild-type T7 phage came from the collection of F. W. Studier . Bacteria and phage were grown and assayed according to previously described techniques (10, 25) .
Media. Solid and liquid growth media used in most experiments contained T-broth (25) supplemented with 1 mM MgSO4 (12) . For experiments involving measurement of DNA synthesis and of 3P leakage, and in certain cases of electron microscopic analysis, the semisynthetic minimal medium described by Thomas and Abelson (27) In all experiments, phage infection was standardized as follows: E. coli cells from an overnight culture were diluted 50-fold into fresh medium (at 30°C) and grown on a rotary shaker to a cell density of 5 x 108 per ml (about 3 hours). Two such cultures were then infected, at the appropriate multiplicities, with equivalent volumes of alkylated or nonalkylated (control) phage suspensions. Calculation of the multiplicity of infection (MOI) was based on the titer (PFU per milliliter) of the nonalkylated phage sample. All infections were carried out in this way, except as noted.
Conditions for one-step growth curves. Seven minutes after infection under standard conditions, the infected culture was centrifuged; the supernatant con-taining unadsorbed phages was removed, and the bacterial sediment was suspended at the same concentration in prewarmed medium. Then the infected cell suspension was diluted with warm broth to a final concentration of 103 or 104 infective centers per ml. Immediately after dilution, samples of the suspension were mixed with indicator bacteria and plated (determination of infective centers). Growth flasks were incubated with shaking at 30°C and assayed periodically for extracellular phages and viable colony formers until final burst was reached. In measurements of colony formers, phage readsorption was prevented by the addition of 0.5% sodium citrate to the assay medium for dilution and plating. In this case the medium was not supplemented with MgSO4. Burst size was determined by dividing the maximum phage titer by the initial number of infected cells (as measured by infective centers).
Kinetics of DNA synthesis. DNA synthesis was measured by the incorporation of [methyl-3H]thymidine into acid-precipitable material (10, 25) .
Cell permeability. The method for investigating changes in the permeability of the cytoplasmic membrane was adapted from Sechaud et al. (22) . E. coli cells were grown in broth containing 10 ,iCi of [32P]-orthophosphate per ml to a density of 5 x 108 per ml. They were washed three times with fresh nonradioactive medium, suspended, and infected at 300C with alkylated or control phage. After 7 min for adsorption, the cultures were centrifuged to remove nonadsorbed phages, and the bacteria were resuspended at the same concentration in fresh medium. At given times during the subsequent incubation at 30°C, samples were filtered through membrane filters (0.45-um pore size; Millipore Corp.), and the radioactivity in the filtrate measured as described previously (11) .
Electron microscopy. For analysis of cell lysis, cultures were prepared in semisynthetic medium and infected in the standard manner. Samples were taken at various times, and specimens were prepared for electron microscopy by adhesion onto carbon-coated grids, followed by staining with 1% silicotungstic acid, pH 7. For analysis of phage progeny in lysates, the lysed cultures were first centrifuged at low speed to remove bacterial debris, then filtered through membrane filters, and finally centrifuged at 22,000 rpm for 3 As multiplicity varied from 10 to 0.1 phage per bacterium, the onset of lysis was delayed for both control and alkylated phages. However, the differences were magnified in the case of alkylated phage. In addition, for alkylated phage, the duration of the lysis period and the completeness of lysis were very dependent on MOI.
The lysis curves for control phage can be accounted for in the following way. Infection at high multiplicity led to lysis of all cells on the first infective cycle. At low multiplicity, a small number of cells was infected on the first round, but enough progeny was produced to infect and lyse all cells on the second round.
For alkylated phage, the lysis curves appear to be more complex. Here, the effects of alkylation on T7 phage's ability to lyse cells (see Fig.  1 (27) , rather than broth, was used. Control curves were established for the standard MOI of 1 and also for an MOI of 0.07. At this latter MOI, the number of infective particles added was identical to that added for infection with alkylated phage, since phage survival after alkylation was 6.8% in this experiment (0.01 M methyl methane sulfonate).
Cell lysis was greatly retarded for alkylated phage, as shown above for broth medium. Only a part, at most, of this effect can be explained by the lesser number of infective particles; indeed, the control curve at an MOI of 0.07 shows the onset of lysis to be much earlier than in the case of alkylated T7 phage.
The differences between alkylated and control phage are illustrated even more clearly by the pulse-labeling curves. Measurement of the incorporation of [3H]thymidine showed, for the control culture at an MOI of 1, a rapid increase in DNA synthesis, starting at 12 min postinfection and reaching a peak at 27 min, shortly before cell lysis. This incorporation corresponds to synthesis of phage DNA (25) . In contrast, incorporation in the culture infected with alkylated phage remained at its initial level for about 50 min and then slowly increased to reach a peak at 85 min, followed by a slow decline which coincides with cell lysis. The delay in the onset of DNA synthesis was not due solely to the small number of infective particles, as is clearly demonstrated by the control curve for an MOI of 0.07. In this case, there were two peaks of thymidine incorporation corresponding to the two infective cycles mentioned above in our interpretation of lysis curves at low multiplicity. Typical results for production of extracellular phage are shown in Fig. 4 . In the control sample, the number of virus particles increased rapidly after 10 min (after dilution) and by 20 min had reached a near-maximum value. In the alkylated phage sample, free phage particles appeared only after 30 min, and virus production continued up to at least 65 min. Thus, both the latent period and the period over which virus particles were released were prolonged; in addition, the total yield of phage was decreased about 30-fold. In six other one-step growth experiments carried out at various multiplicities (Table 1) , very similar results were obtained. 'Survival fraction is calculated as the ratio of infected cells producing phage (percent) for alkylated and control samples.
d Burst was calculated from maximum phage yield which occurred at 100 niin after dilution for alkylated phage. For control phage, the maximum yield was reached before 100 min, and it frequently decreased as a function of time, due probably to irreversible phage adsorption on bacterial debris. Those points taken before 100 min are indicated in parentheses.
10% after alkylation, the average burst for alkylated phage was similar to or only slightly lower than that for control phage. Thus, whereas Fig.  4 shows that progeny was released gradually by those cells infected with alkylated phage, the final yield per infected cell was similar to that of control phage.
The last part of our analysis of the one-step growth curves involved measurement of surviving colony formers in infected cultures. Our first experiments (experiments 1 through 4) showed that the survivors in cultures infected by alkylated phage were numerous, as compared with control phage, reaching as much as 50% of the initial colony formers. However, quantitative analysis was rendered difficult by the fact that in control infections survivors were much less numerous than expected from the MOI. This led us to believe that, in our phage preparations, there were numerous particles which, although unable to produce phage, could still kill the bacterial cells. Since our MOI was based on PFU in the phage suspensions, these particles did not contribute to MOI but influenced the number of bacterial survivors. In more recent experiments, we have used phage purified by the method of Yamamoto et al. (30) . This purified phage preparation, by analysis of infectivity and absorbance at 260 nm, was judged to contain about 25% active particles (3 x 10"1 PFU/ml for a solution with an absorbance at 260 nm of 1). This compares favorably with reports by Studier (25) and Yamamoto et al. (30) that preparations usually contain 4 x 1011 to 6 x 1011 PFU per absorbance unit at 260 nm. At lower multiplicities (experiments 5 and 6), surviving colony formers represented a significant fraction of the initial cultures, as expected. However, in these experiments, with high survival in the control culture (due to the low MOI), it was impossible to analyze the increase in bacterial survival due to alkylation of phage. We thus turned to a higher multiplicity (experiment 7). Table 1 shows that, in the control culture, most cells were infected productively at this MOI. Survivors in the control culture represented only 0.3% of the initial cell suspension. Thus, those cells which escaped productive infection were apparently killed in large part by defective particles in our phage preparation. Infection by alkylated phage at the same MOI resulted in 40% survival of colony formers. Alkylation ofphage therefore decreased the number of infected cells which produce phage and increased the number of surviving bacterial cells significantly.
From these results and those presented in Table 1 for this experiment, we can now characterize the bacterial cell population in the infected cultures. In the case of infection by control phage, between 90 and 100% of the cells were productively infected, 0 to 10% were killed without producing phage, and 0.3% survived. For alkylated phage, 12% of the infected cells produced phage, 48% were killed without producing phage, and 40% survived.
Because of the high percentage of bacterial survivors observed in the case of alkylated phage, we thought it necessary to verify that our experimental conditions effectively prevented infection of surviving bacteria by progeny phage. We thus carried out control experiments in which the phage and bacterial suspensions were first separately diluted 2.5 x 105-fold in broth and then mixed to give the same final dilution Analysis of infected bacteria. We next looked for changes in host cell membrane function after infection by alkylated phage. Experimental conditions were designed to study membrane permeability changes which might occur throughout the infective cycle rather than those associated with the ion efflux which occurs early in infection (17) . Bacteria were labeled by growth in 32P-containing medium and infected with alkylated (phage survivial = 4%) or control phages at an MOI of 1; a second control infection at an MOI of0.04 was included. At various times, samples of each culture were taken and filtered through membrane filters, and the radioactivity in the filtrate was measured. Lysis curves were established simultaneously. The results of these experiments (Fig. 5) showed a close association between the increase in radioactivity released and the decrease in optical density of the infected cultures. In the case of alkylated phage, the delay in release of radioactivity was related to the delay in cell lysis. Less radioactivity was released, as expected from the incomplete lysis. Examination of samples by electron microscopy showed that control cells were completely lysed by 40 min, whereas cells infected by alkylated phage lysed only after 80 min postinfection.
Analysis of progeny phage. Examination of grids prepared by the adhesion technique (see above) suggested the existence of morphological differences in the progeny liberated by control cells and by cells infected by alkylated phage. To further study these differences and to measure the relative fractions of intact phages and other phage-related particles, we examined lysates as described in Materials and Methods. As a precaution against losing material of interest, we used a method of sample preparation which involved only one high-speed centrifugation for concentration of particles in the lysates. Analysis of the supernatants of this centrifugation (phage titer, electron microscopy) demonstrated the absence of phage or phagelike particles in that material. Examination of grids showed that both the control lysate and the lysate from cells infected by alkylated phage contained full heads (intact phages) as well as other types of head structures. However, the morphology of the other head structures appeared to differ between the two lysates. Figure 6 presents electron micrographs of these other head structures. (In the control sample, particles tended to concentrate at the periphery of drops. This plus the fact that there were fewer of these other head structures in the control sample account for the apparently lower particle density in the control sample [ Fig.  6b] .) In the control lysates, most were easily penetrated by stain and many appeared to be deformed, similar to the empty heads described by Roeder and Sadowski (21) . At least two types of head structures were observed in lysates from cells infected by alkylated phages. The major forms were round and appeared to be less easily penetrated by stain than the head structures in the control lysates. Some had a core, rather similar to the proheads observed by Roeder and Sadowski (21) in extracts from cells infected by wild-type phage. Empty heads were also present.
In one of the experiments (illustrated in Fig.  6 ), resolution permitted an unambiguous quantitative analysis of the numbers of full heads and of other head structures present in the lysates. These results are presented in Table 3 . From the number of full heads and the number of polystyrene latex particles, it is possible to calculate the number of phage particles in the initial concentrated lysate used for preparation of the grids. This may then be compared with the phage titer determined by plaque assay. In both samples, values were of the same order of magnitude; for the control, 2.0 x 1012 full heads/ ml or 1.3 X 1012 infective centers per ml; for the alkylated sample, 5.9 x 1011 full heads/ml or 8.3 X 1011 infective centers per ml. Since particle counts were established for an equivalent number of latex particles in the two samples, it is possible to compare directly the total number of (27) Ray et al. (20) after treatment of T4 phage by ethyl methane sulfonate. Thus, this non-inheritable effect of alkylating agents on bacteriophage is comparable to the well-known growth-delaying effect of UV irradiation, first documented by Luria (15) for several T phages, among them T7.
Other manifestations of this growth-delaying effect observed here for methyl methane sulfonate were changes in both DNA synthesis and cell lysis. The mechanism by which T7 phage brings about cell lysis is still unknown (7) . What is clear, however, is that any change in T7 DNA metabolism brings about changes in cell lysis, i.e., a delay in the onset of lysis or a prolongation of its duration, or both (3, 23, 25 (10) or interference with genetic expression (9) or both. In the second fraction were those bacteria in which these processes were insufficient to allow phage production but sufficient for cell killing. Although it has been suggested that one early gene (6) , possibly gene 0.3 (8) Analysis of the progeny of alkylated phages showed that a large number of headlike particles were produced during infection. These particles resemble the proheads and empty heads found by Roeder and Sadowski (21) in extracts from cells infected by wild-type phage and various amber mutants; however, none of the tubular or spiral structures observed by Ackermann and Poty (1) in wild-type phage progeny, and produced at high frequency by mutants in genes 8, 14, 15, and 16 (21) , were seen. The predominance of proheads in our experiments with alkylated phage may be due to either the lack of gene 19 function or the great delay in DNA synthesis. We have previously shown, by marker rescue experiments (10) , that gene 19 function is dramatically reduced by alkylation of phage. Roeder and Sadowski (21) report accumulation of proheads but no other head structures in gene 19 mutants as well as in gene 5 mutants, which make no DNA. Further analysis of the head structures will reveal to what extent the progeny population is heterogeneous; it is possible that phage alkylation leads to a major block in phage assembly and would thus permit isolation of intermediates not previously seen during infection by untreated T7 phage.
Our results clearly show that the small fraction of alkylated phages which produces progeny does so with a long delay, yet with an average burst size very close to that of untreated phage. It is unlikely that this fraction is composed of unalkylated phage, since at the alkylation dose used, phage DNA contained an average of several hundred alkyl groups per DNA at the time of injection (29) . Rather, we feel that DNA repair must be responsible for this normal burst. We have recently shown that excision repair of alkylation damage occurs in T7 phage (13) . This repair, to be efficient, must take place before the beginning of phage DNA replication (19 
